The Goldberger-Treiman discrepancy in SU (3) 
I. INTRODUCTION
The Goldberger-Treiman relation (GTR) [1] , obtained from matrix elements of the divergence of axial currents between spin 1/2 baryons, is an important indicator of explicit chiral symmetry breaking by the quark masses. It interrelates baryon masses, axial vector couplings, the baryon-pseudoscalar meson (Goldstone boson ≡ GB) couplings and the GB decay constants. Explicit chiral symmetry breaking leads to a departure from the GTR (defined below) which is called the Goldberger-Treiman discrepancy (GTD).
The GTD has been repeatedly discussed over time [2] and for several reasons there were difficulties in arriving at a clear understanding. On one hand, there was no available effective theory with a systematic expansion to address the problem, and on the other hand the experimental values of the baryon-GB couplings were too poorly known. In recent years, progress has been made on both fronts. There is now a baryon chiral effective theory that permits a consistent expansion of the discrepancy [3] [4] [5] [6] . There has also been progress in the determinations of the baryon-GB couplings that are the main source of uncertainty in the phenomenological extraction of the discrepancies. In fact, the current knowledge of the couplings g πN N , g KN Λ and, to a lesser extent, g KN Σ is good enough to justify a new look at the GTD in SU (3) . In this work we study the GTD in the light of heavy baryon chiral perturbation theory (HBChPT) [4, 5] .
Let us first briefly review the derivation of the GTR [7] and the definition of the GTD.
We consider the matrix elements of the octet axial current A a µ = 1 2q (x)γ µ γ 5 λ a q(x) (the Gell-Mann matrices are normalized to Tr(λ a λ b ) = 2δ ab ) between states of the baryon octet:
where a, b, c = 1, ..., 8 and q = p b − p a is the momentum transfer between baryons a and b.
From Eq. (1), the matrix elements of the divergence of the axial currents become
where M a is a baryon mass. Crucial to the derivation of the GTR is the GB pole contribution represented in Fig. 1 . To explicitly expose the pole term, the matrix element in Eq. (2) can be rewritten as
where
, m c is a GB mass, and g cab (q 2 ) the baryon-GB form factor, defined such that in the physical basis of the Gell-Mann matrices In the chiral limit ∂ µ A c µ = 0, and at q 2 = 0 Eq. (2) gives:
which is the general form of the GTR. Here M is the common octet baryon mass in the chiral limit. In the real world, chiral symmetry is explicitly broken by the quark masses and the GB's become massive. In this case, Eqs. (2) and (3) lead to
In order to define the GTD it is also convenient to take the limit q 2 → 0 which gives
The discrepancy ∆ abc is then defined by:
Notice that while the GTR, Eq. (4), is defined at q 2 = 0, the GTD in Eq. (7) is given at q 2 = m c 2 because only at that point is the coupling g cab unambiguously determined. At leading order in the quark masses, the GTD can then be expressed as follows:
II. TREE LEVEL CONTRIBUTIONS
Throughout we are going to use standard definitions, namely:
The HBChPT Lagrangian is ordered in powers of momenta and GB masses, which are small compared to both the chiral scale and the baryon masses,
Although the Lagrangian is written as a single expansion, it will be useful to keep track of the chiral and 1/M suppression factors separately. As will be demonstrated explicitly below, leading order (LO) contributions to the GTD appear within L (3) . Subleading contributions are suppressed by at least two suppression factors, so we will refer to any contribution at the order of L (5) as a next-to-leading order (NLO) contribution.
The tree level contributions to the GTD stem from contact terms in the effective Lagrangian that can contribute to δ abc , and also from terms that can give a q 2 dependence to g cab . First we notice that in HBChPT such terms must contain the spin operator S 
between the baryon field operators (here D µ is the chiral covariant derivative).
However, upon using the classical equations of motion satisfied by the GB fields at O(p 2 ), it turns out that terms of the second type can be recast into terms among which there are terms of the first type. In this way, one moves the explicit q 2 dependence from g cab to contact
terms, some of which contribute to δ abc . Such reduction of terms has been implemented for
, for instance in Ref. [8] , and in the relativistic effective Lagrangian as well [3] . Some terms in L (3) whose coefficients are determined by reparametrization invariance [8] may seem at first glance to give a q 2 dependence to g cab , but a careful calculation shows that this is not so.
, and since a factor of the spin operator S In the case of SU (2), the Lagrangian L (3) has been given by Ecker and Mojžiš [8, 9] .
There are only two terms in L (3) given in Refs. [8, 10] . In the scheme used by Ecker and Mojžiš these are finite counterterms.
We note that although O 17 and O 18 do contribute to g cab and to g abc A , they are such that no contribution to the GTD results, as noticed in Ref. [10] . In SU(3) there are instead three
terms that are of interest to us, namely,
The NLO contributions come from L
GT D and will not be displayed here. There are, for instance, terms quadratic in the quark masses such as Tr(BS
) and others.
GT D is given by
In deriving Eq. (16) from Eq. (15) we used the Ward identity:
as well as the following correspondence of operators between the heavy baryon and relativis-
where B and B v are the relativistic and heavy baryon fields respectively.
The leading terms in the GTD are therefore of order p 2 . There are several relations among the discrepancies that are exact at LO. One of them is the Dashen-Weinstein relation [7] :
This particular relation provides useful insight as will be shown in the phenomenological discussion.
Since the bulk of the contribution to the GTD will result from the counterterms of Eq. using an effective Lagrangian in analogy with Ref. [11] . The coupling of the Π ′ octet to the pseudoscalar current is obtained from the effective Lagrangian:
where we display only those terms relevant to our problem. Here the Π ′ octet responds to chiral rotations in the same way as the baryon octet. The matrix element of the divergence of the axial current is given by
and the Π ′ -baryon coupling can be expressed through the effective Lagrangian:
From Eqs. (23) and (24) one readily obtains the contribution to δ abc :
Here g abc
The current situation is that the couplings of the Π ′ are not known, and there is no estimate in the literature that one could judge reliable. As we comment later, the GTD's actually serve to determine
more precisely than any model calculation available, provided the meson dominance model is realistic.
III. LOOP CONTRIBUTIONS
There are several one-loop contributions to the GTD that we illustrate in Fig. 2 . There are also, at the same NLO, two-loop contributions that we do not display here. Although we do not perform here a full calculation, we do arrive a some interesting observations about such NLO effects by loops. Let us consider the loop diagram in Fig. 2a . We can show that in HBChPT this loop effect on the GTD is O(1/M 2 ), and must therefore be suppressed by two powers relative to the LO contribution. Indeed, in HBChPT the diagram is proportional to the following loop integral:
where δm ab ≡ M a − M b , and T µν is transverse to the four-velocity v. For spin 1/2 baryons in the loop
It is also easy to show explicitly that T µν is transverse if one or both lines in the loop are spin 3/2 baryons. From energy-momentum conservation we have
Using this and the transversity of T µν , the expansion of Eq. (26) It is interesting to comment here on a one-loop calculation in the framework of a relativistic baryon effective Lagrangian, as used in Refs. [3, 13] . It turns out that the relativistic version of the loop diagram in Fig. 2a gives a finite q 2 dependence to the g cab coupling,
namely,
where the integral J f ed is given by:
One can readily check that for SU(2) one obtains the result in Ref. [3] .
The interesting thing here is that the contribution to the GTD by the loop is not suppressed by 1/M. Actually, it is nearly constant for baryon masses ranging from a few hundred MeV to an arbitrarily large mass. This result seems at odds with the one from
HBChPT, but the two can be harmonized as follows 
where we use D = 0.79 and F = 0.46 for the SU(3) axial vector couplings.
Of course the calculated loop contribution is not all that there is; the inclusion of decuplet baryons in the loop also gives contributions to the discrepancy. (Ref. [14] discusses some ∆(1232) effects with only two quark flavors.) Using Rarita-Schwinger propagators and three quark flavors, we have checked that the q 2 -dependent part does show an UV divergence in the relativistic framework. HBChPT also permits two-loop contributions at NLO. Currently a more complete calculation of the discrepancy at NLO is underway. [15] IV. RESULTS
There are only three discrepancies that can be determined from existing data on baryon- 
The determination of the g KN Λ and g KN Σ couplings relies on a more sparse data set.
The Nijmegen group analyzed data from YȲ production at LEAR, and they obtained [21] :
g KN Λ = 13.7 ± 0.4 and g KN Σ = 3.9 ± 0.7. These values are consistent with an earlier analysis by Martin [22] , where only an upper bound for g KN Σ is given. Using F K = 1.22 F π and Disregarding SU(2) breaking, which implies that there is no contribution from the term proportional to b 20 to these discrepancies, we can use the three measured discrepancies to determine the two LO parameters in HBChPT:
where M is here the common baryon-octet mass in the chiral limit. Both choices for g πN N ,
given in Eqs. 
where the quoted results correspond respectively to the smaller and larger g πN N couplings. This shows the importance of the current analysis of the GTD in SU(3).
Finally, the coupling constants required in the meson dominance model resulting from our analysis are as follows:
Since here F ′ and D ′ are baryon-meson couplings, it is not unreasonable that they should have values similar to those of, say, the pion-nucleon coupling. This would imply that the coupling d Π ′ should be a few hundred MeV. This makes the meson dominance picture quite plausible.
In conclusion, we have shown that the GTD in SU(3) is given at leading order by two tree-level contributions, and that the corrections are suppressed by two powers in HBChPT.
Some of the loop corrections were calculated explicitly and found to be small. Our leading order analysis indicates a strong preference for a smaller Goldberger-Treiman discrepancy in the pion-nucleon sector, thus favoring the smaller values of the pion-nucleon coupling extracted in recent partial wave analyses. 
